Several beaches within the Toronto region area of concern have persistent issues with fecal contamination, causing a beach beneficial use impairment (BUI). In this study, Escherichia coli, including ampicillin-resistant strains, were enumerated via culturable and quantitative polymerase chain reaction (qPCR) methods. Microbial source tracking (MST) markers (for general Bacteroidales, human, ruminant/cow, gull, and dog) were detected and enumerated via PCR and qPCR to identify sources of fecal contamination at Sunnyside Beach and in the Humber River. Human, cow, and dog markers had good host-specificity, while gull markers sometimes amplified a few other bird species.
INTRODUCTION
As a consequence of historically poor water quality, certain regions around the Great Lakes have been designated as areas of concern (AOC). Within these AOCs, many beaches have had consistent problems with fecal contamination, and In this study, the Sunnyside beachshed (Sunnyside Beach and the adjacent Humber River) in the Toronto region AOC was sampled to indicate both the occurrence and source(s) of fecal contamination throughout the watershed and along the beach. To identify source(s) of fecal contamination, MST assays were performed to identify human, ruminant/cow, gull, and dog fecal contamination.
Additionally, enumeration of ampicillin-resistant (ampicillin R ) E. coli was tested as a method to detect potential sewage contamination. Further, analyses were conducted to identify correlations and patterns among E. coli, ampicillin R E. coli, and MST DNA markers.
MATERIALS AND METHODS

Site description
This study was conducted throughout the Humber River ON, Canada) progressing away from the river mouth (see Table 1 for a list of GPS coordinates for all sites and their relative location within the watershed and Figure 1 for a map of the sampling area). The Humber River extends 100 km, and its watershed includes both rural (55%) and urban (45%) land use (Toronto & Region Conservation ). Sunnyside Beach, at the mouth of the Humber River, is an urban beach protected from Lake Ontario by a breakwall.
Sample collection
Water samples were collected weekly from May-September 2014 from all river and beach sites. At each transect along Sunnyside Beach, surface water samples were collected at increasing distances from the shoreline at ankle depth (about 10 cm) and chest-depth (about 1.2 meters) within the lake, along with a sand pore water sample. To collect the sand pore water sample, a hole was dug down to the water table in the foreshore sand about 1 meter inland from the lake and a 250 ml polypropylene bottle was inserted into the hole to collect the water that accumulated (while minimizing sand collection). All other water samples were grab samples collected in 500 ml autoclaved polypropylene bottles. All water samples were placed on ice and transported to the laboratory for processing within 6 hours of collection.
E. coli enumeration
Water samples were processed for the enumeration of both 
DNA extraction and MST PCR
In addition to filtration for E. coli enumeration, an additional 300 ml (100 ml for pore water samples) was filtered (0.45 μm pore size, 47 mm diameter nitrocellulose membranes) for DNA extraction. Filters were frozen at À80 W C until analysis.
Filters were then allowed to thaw, folded and placed into Powerbead tubes and extracted using Powersoil™ DNA Isolation Kits (MO BIO Laboratories, Inc., Carlsbad, CA, USA) according to manufacturer's instructions. Extraction and filtration blanks were included in every batch of DNA extractions and no inadvertent contamination was noted.
PCR and qPCR assays were performed on all extracted DNA samples (including filtration and extraction blanks).
MST assays for both PCR and qPCR consisted of a general
Bacteroidales assay, as well as host-specific assays for human, ruminant (PCR) or cow (qPCR), gull, and dog ( Standard curves for all qPCR assays were constructed using synthesized plasmid DNA (pIDTSMART with ampicillin resistance; Integrated DNA Technologies, Coralville, IA, USA). DNA used for the standard curve was serially diluted using AE buffer (Qiagen, Valencia, CA, USA) to concentrations ranging from 10 2 to 10 5 gene copies per reaction. DNA used for the IAC was similarly constructed using synthesized plasmid DNA (pIDTSMART with ampicillin resistance; Integrated DNA Technologies, Coralville, IA, USA) with complementary primer sites for each assay and included in every reaction to verify that there was no inhibition. The limit of detection for all MST assays was ∼10 CN reaction À1 and ∼200 CN reaction À1 for the E. coli qPCR. All qPCR runs had an efficiency between 90 and 110% with an R 2 of > 0.95 and results were normalized to reaction efficiency.
PCR/qPCR fecal validation
To assess the sensitivity and specificity of the PCR and qPCR methods, each assay was run against a number of fecal and sewage samples from known sources from the Toronto region and eastern Canada (Table 3) . Sewage samples DNA from all samples as described above.
Statistical analysis
Comparison between the Humber River and Sunnyside Beach
All measures of culturable E. coli (culturable and ampicillin R ; CFU 100 ml À1 ) and qPCR quantification of E. coli and MST markers (CN 100 ml À1 ) were log transformed prior to analysis. T-tests were used to assess differences in E. coli and qPCR-enumerated MST marker concentrations between river and beach sites. Bayes Theorem was applied to assess the probability of correctly detecting host-specific endpoint or qPCR markers (Kildare et al.
).
Pearson correlation coefficients were used to assess relationships among qPCR markers and measures of E. coli.
Analysis of site-specific differences among Humber River or Sunnyside Beach sites
To determine the main effect of sampling site among river sites or among beach transects (transects 1-3) and sublocations (ankle-, chest-depth, and pore water samples), multiple analysis of variance (MANOVA) was used, where response variables were E. coli concentrations (culturable, ampicillin R and qPCR-enumerated). The main effect of sampling site was similarly assessed using qPCR-enumerated MST marker concentrations. Tukey's post hoc test was performed if a significant effect was detected. Chi-square tests were used to determine differences in endpoint MST marker detection. All analyses were performed in Statistica v.12. Canada Goose 
RESULTS
E. coli enumeration
T-tests revealed that there were no significant differences in culturable E. coli and ampicillin R E. coli concentrations between river and beach sites. MANOVA detected significant differences in E. coli and ampicillin R E. coli concentrations among river sites (F 28,301 ¼ 2.70, P < 0.001; 
Validation of MST PCR and qPCR markers
Fecal validation of the MST PCR assays revealed that none of the host-specific markers exhibited 100% specificity, though human, cow and dog markers showed good specificity. The least specific marker was the ruminant marker (CF128), which was detected occasionally in cat and dog fecal samples, as well as in the majority of horse and chicken fecal samples. The qPCR MST assays tended to be more host-specific, with the cow and dog markers (CowM2 and DG37, respectively), being detected exclusively in target fecal samples, although in the case of the dog marker, also in sewage influent samples. Whenever cross-reactivity was detected by qPCR assays, the level of cross-reactivity in non-target host fecal samples was always orders of magnitude lower than in target host species fecal samples.
Bayesian analysis revealed differences in the probability that each endpoint and qPCR marker was detecting a true positive. Among the endpoint markers, the probability of correctly detecting a true positive was calculated to be 95.48% for HF183, 43.89% for CF128, 96.65% for Gull2, and 85.11% for DG37. Among the qPCR markers (when assessed based on presence/absence of marker detection), the probability of correctly detecting a true positive was 98.68% for HF183 and 91.19% for qGull4. Calculations
were not conducted on the CowM2 or DG37 qPCR markers as these were never detected in water samples.
MST
A chi-squared test revealed significant differences in detection of endpoint markers between river and beach sites.
The human (χ 2 ¼52.3, P < 0.001), ruminant (χ 2 ¼33.1, P < 0.001) and dog (χ 2 ¼11.5, P ¼ 0.001) endpoint markers were detected significantly more often in river than beach sites (Table 4) . Conversely, the gull endpoint marker was detected significantly more frequently in beach than river sites (χ 2 ¼19.6, P < 0.001; Table 4 ). MANOVA also showed a significant difference in qPCR marker concentrations between river and beach sites (F 3,57 ¼ 27.4, P < 0.001; Figure 3 ). Univariate analysis determined that there were significantly greater concentrations of human-specific Bacteroidales at river sites (F 1,59 ¼ 52.2, P < 0.001; Figure 3 ), whereas concentrations of the qPCR gull marker were significantly greater at beach sites (F 1,59 ¼ 7.75, P ¼ 0.007; Figure 3 ). The cow and dog qPCR markers were not detected in any water samples.
Among river sites, chi-squared tests found significant differences in detection of the human, ruminant and gull markers. The human marker was detected significantly more often at site JA than other river sites (χ 2 ¼25.5, P ¼ 0.001; Table 4 ), and the ruminant marker was detected significantly more often at site PG than other river sites (χ 2 ¼20.0, P ¼ 0.006; Table 4 ). MANOVA also revealed significant differences in qPCR marker concentrations among river sites (F 21,311 ¼ 3.62, P < 0.001; Figure 3 ). Post hoc analyses determined that site JA had significantly greater concentrations of human-specific Bacteroidales than all river sites except Hum Boat and OM (P 0.009; Figure 3 ).
No significant differences were found among river sites for concentrations of the qPCR gull marker. Among beach sites, no significant differences in endpoint marker detection were observed among the different transects; however, MANOVA revealed significant differences in qPCR marker concentrations (Table 2 and Figure 3 ). Post hoc analysis determined that transect 1 had significantly greater concentrations of human-specific 
Relationship between E. coli and MST markers
Among river sites, all measures of E. coli had significant correlations with concentrations of both the human and gull qPCR markers (Table 5) , with correlations being strongest with concentrations of the human rather than the gull qPCR marker. Further, ampicillin R E. coli concentrations had the strongest correlation with concentrations of the human qPCR marker (Table 5) . Among all beach samples (including pore water samples) no significant correlations were observed between any measure of E. coli and either human or gull qPCR marker concentrations. However, when pore samples were excluded from the analysis, ampicillin R and qPCR-enumerated E. coli concentrations were significantly correlated with concentrations of the human qPCR marker and all measures of E. coli were correlated with concentrations of the gull qPCR marker (Table 5 ).
The strongest beach water correlations were observed between ampicillin R E. coli and concentrations of the human qPCR marker and between concentrations of culturable E. coli and the gull qPCR marker (Table 5) .
DISCUSSION
This study found that, while culturable E. coli and ampicillin R E. coli concentrations were similar, the source(s) of fecal contamination were notably different between the Humber River and Sunnyside Beach. Detection of all endpoint PCR markers (except gull) was more frequent, and there were significantly greater concentrations of general and human Bacteroidales qPCR markers in river than beach sites, while the opposite was found with regard to the gull markers. These MST results are consistent with the results of a preliminary study where a different human
Bacteroidales marker was detected significantly more often at several sites in the lower Humber River, whereas library-dependent antibiotic resistance and REP-PCR DNA fingerprinting of E. coli isolates identified greater levels of bird fecal contamination on Sunnyside Beach (Edge et al.
).
Within the Humber River, the highest E. The shore-normal location of sampling (pore water, ankle-or chest-depth) was also found to significantly influence E. coli concentrations and MST marker detection.
The greatest E. coli concentrations (by all measures) were found in the interstitial pore water, with concentrations decreasing with increasing lake depth, similar to results suggesting that spikes in ampicillin R E. coli might be a good predictor of sewage contamination in river sites.
While all E. coli measures were highly associated with the human MST marker in the Humber River, culturable and qPCR-enumerated E. coli concentrations were more significantly correlated with the gull MST marker at Sunnyside
Beach. This is consistent with E. coli at the beach more likely coming from gull fecal contamination. While ampicillin R E. coli concentration was significantly correlated with the human qPCR marker at the beach, it is not likely as useful an indicator of human sewage contamination at Sunnyside Beach as it is in the Humber River. It should be noted that this relationship was only evident when pore samples were excluded from analyses. Pore water samples represent a much different matrix than ankle-and chest-depth water samples, and the relationship between E. coli and MST DNA markers may be less strong in sand than beach water, as previously discussed.
CONCLUSIONS
The remediation of beach BUIs is a persistent challenge in many AOCs around the Great Lakes. However, determining beach remediation strategies based only on E. coli data might lead to inappropriate actions to reduce beach postings. Although the Humber River in the Toronto region AOC has been recognized to be impacted by CSO discharges and sewage contamination in the lower reaches (City of Toronto ; Edge et al. ), this study detected human sewage contamination at all sampling sites within the watershed. However, the highest levels of the human qPCR marker were found in Black Creek (site JA) which represents a legacy sewage contamination problem, and a priority for remediation.
Importantly, this study also found gull fecal contamination to be very common in the lower reaches of the Humber River. These results highlight the need for a toolbox approach to water quality assessment, including both E. coli enumeration and MST techniques, as the major source(s) of fecal contamination and associated remediation strategies can change throughout a beachshed. Multiple MST methodologies can add significant value when interpreting E. coli data to more comprehensively assess fecal contamination source(s) and risks to public health, as well as guiding cost-effective remediation strategies.
